Globular clusters are expected to accumulate interstellar gas due to mass loss from their stars. A sensitive search of six clusters for free-free emission from ionized gas at 8.4 GHz using the VLA failed to detect any gas, with limits well below the expected accumulation from mass loss if the gas remains in the cluster. However, simple models of the equilibrium distribution of photoionized gas show that the velocity dispersion of the gas is greater than that of the stars, and beyond 2 a critical radius the gas ows out of the cluster as a wind. The expected amounts of accumulated gas are then below the detection threshold of the observations. Fifteen radio point sources were detected in the six globular cluster elds. The majority are likely to be background sources, but ve are associated with objects which are known cluster members { four probable low-mass X-ray binaries in Pal 2, NGC 6440, NGC 6624 and NGC 7078 and the planetary nebula K 648 in NGC 7078. Two other radio sources in the eld of NGC 7078 may also belong to this cluster.
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Subject Headings: Galaxy: Globular Clusters: General -Galaxy: Globular Clusters: Individual (Pal 2, NGC 1851, NGC 6440, NGC 6624, NGC 7078, NGC 7099) 1. INTRODUCTION Globular clusters, like other old stellar systems, contain very little interstellar gas. They orbit the galaxy and pass through the galactic plane every few 10 8 years, so that any interstellar medium is periodically swept out by passage through the galactic plane. Nevertheless, the interstellar matter content of globular clusters is of interest because their evolving stars (currently 0:8 M at the main sequence turno ) are expected to lose 0:2 M of gas during evolution to the white dwarf stage (Iben and Rood 1970; Tayler and Wood 1975) and searches have been made both for stellar mass loss and for di use interstellar matter.
H emission has been detected from stars in more than a dozen clusters. When interpreted as indicating mass loss, average rates in excess of 10 ?8 M yr ?1 are found (e.g. Cacciari & Freeman 1983) . Other authors (Dupree, Hartmann & Avrett 1984; Smith & Dupree 1988) argue that H emission wings can be produced by rising and falling motions in the stellar chromosphere, so that the mass loss rates may be much smaller. Mass loss rates of 10 ?8 M yr ?1 for a small number of stars in ! Centauri have been inferred from infrared excesses (Gillett et al. 1988) . The IRAS Point Source Catalogue has been searched for mass-losing giant stars in globular clusters (Lynch and Rossano 1990; Frail and Beasley 1994 ) but for few, if any, of these sources can cluster membership be established with any certainty (cf. Feast and Whitelock 1994) . Two globular clusters contain planetary nebulae. M15 (NGC 7078) contains K648 (see Gathier et al. 1983 and references therein), while M22 contains IRAS 18333-2357 (Gillett et al. 1986 ). The masses of these nebulae are small, a few 10 ?2 M .
Searches for di use interstellar gas and dust in globular clusters have also been made using all of the available observational probes. There have been many searches for optical polarization and absorption and for infrared emission due to interstellar dust. The IRAS data base has been searched for emission from di use interstellar dust at wavelengths of 60 m and 100 m; the only detection to date is of a small 100 m excess in 47 Tuc (Gillett et al. 1988) corresponding to 4 10 ?4 M of dust. No excess emission is seen from any other cluster, with limits of a few 10 ?3 M (Knapp, Gunn and Connolly 1995) . Patches of absorption in globular clusters have been reported (Hogg 1959; Roberts 1960 ) and investigated by star counts and by polarization and di erential extinction measurements. Polarization observations show possible signatures at the positions of some of these dark patches (Martin and Shawl 1981; Forte and M endez 1989) , indicating that they may belong to the clusters. However, Auri ere and Leroy (1990) conclude that the apparent polarization of a dark patch towards M15 is due to foreground dust.
Di erential extinction has been measured for some dark patches (Kanagy and Wyatt 1978; Forte and M endez 1988; M endez, Forte and Orsatti 1989; Forte et al. 1992) , suggesting that they are due to dust clouds within the cluster. On the other hand, the new color-magnitude diagrams from CCD observations have very narrow main sequences, consistent with negligible internal di erential extinction ( 0:02 m ) in many globular clusters (e.g. Bolte 1987 ).
Searches for HI emission have generally yielded negative results (Bowers et al. 1979 , Lynch, Bowers and Whiteoak 1989 , Smith et al. 1990 ) with the possible exceptions of M56 (Birkinshaw et al. 1983 ) and NGC 2808 . These clusters are associated in direction and velocity with extended Galactic HI emission, and may be spatially associated with the HI. Searches for CO emission have led only to negative results (Troland, Hesser and Heiles 1978; Schneps et al. 1978; Sandell et al. 1987; Smith et al. 1995) , as have searches for ionized H using H emission (Smith, Hesser and Shawl 1976; Hesser and Shawl 1977; Smith et al. 1990 ) and radio continuum emission (Hills and Klein 1973; Erkes and Philip 1975; Klein 1976 ). The observed dispersion measures for globular cluster pulsars also suggest low limits for ionized gas in several clusters (Reynolds 1989; Bhattacharya and Verbunt 1991; Manchester et al. 1991; Nordgren et al. 1992) . Possible di use X-ray emission was seen near several clusters by EINSTEIN (Hartwick, Cowley and Grindlay 1982; Grindlay 1985) but is not con rmed by EXOSAT or ROSAT observations (Koch-Miramond and Auri ere 1987; Johnston et al. 1994 ).
We conclude that there is little evidence for interstellar matter in any globular cluster with the possible exception of 47 Tuc; even in this case, however, the amount of dust is below the upper limits for many other clusters and the limits are much lower than the amounts of gas and dust expected to have accumulated. The observations described in the present paper were carried out because it is now possible to make much more sensitive searches for di use radio continuum emission than was possible in the 1970s. We searched six globular clusters, selected to have relatively high escape velocities. No di use emission was detected. The physical parameters of the observed globular clusters are described in the next section, and the observations and data reduction in section 3. Weak point source emission was detected in the elds of ve of the six clusters and can in several cases be identi ed with X-ray point sources which are cluster members; these results are described in Section 4. The limits on di use ionized gas are derived in x5, and the conclusions are in x6.
PHYSICAL PARAMETERS OF GLOBULAR CLUSTERS
Six globular clusters were observed. Their basic physical parameters are given in Table 1 and described below.
1. Positions: Rows 1 and 2 of Table 1 give the galactic coordinates of the cluster centers and rows 3 and 4 the equatorial coordinates. Measurements of the centers of these large di use objects are di cult and di erences of several arcseconds are found by di erent methods. Picard and Johnston (1994) present a critique of globular cluster position determinations. The positions of NGC 7078 (M15) and NGC 6624 in Table 1 are from HST images and are given by Yanny et al. (1994) and Sosin and King (1995) respectively. The positions of the remaining clusters are from Shawl and White (1986) .
2. Core radius, half-light radius, concentration index and tidal radius: These quantities are given in rows 5-8 of Table 1 . The core and half-light radii (r c and r h ) are in arcseconds and the tidal radius (r t ) in arcminutes. The half-light radius is that containing half of the light in projection. The concentration index c i is de ned as c i = log 10 r c r t (1) and is related to the depth of the central potential (see the discussion by Binney and Tremaine 1987) . The tidal radii are from Webbink (1985) and the other quantities are given by Trager, Djorgovski and King (1993) . The core radius of NGC 7078 has been measured from HST data at 2:2 00 by Lauer et al. (1991) ; this value is given in Table 1 and is about half that found from ground-based data. The concentration indices for NGC 6624, NGC 7078 and NGC 7099 have all been set at 2.5, since these are post core collapse clusters; this is designated by`c' beside the cluster name. The values for these four parameters given in Table 1 are not always internally consistent, but we have made no attempt to de ne a self-consistent set of parameters.
3. Distance: The distances are tabulated in row 9 and are taken from the compilation by Peterson (1993) .
4. Metallicity: Row 10 contains the cluster metallicity Fe/H] tabulated by Djorgovski (1993) . The clusters cover a range in metallicity from about half of the solar value for NGC 6440 to less than 0.01 for NGC 7078.
5. Radial velocity and velocity dispersion: Rows 11 and 12 give the heliocentric radial velocity and, where known, the line of sight velocity dispersion. The velocity dispersions are given by Pryor and Meylan (1993) and Dubath and Meylan (1994) and the radial velocities by these authors or by Hesser et al. (1986) .
6. Absolute magnitude and escape velocity: The last two rows of Table 1 list the absolute visual magnitude M V from Djorgovski (1993) and the escape velocity at the half-light radius r h . This was calculated using a mass to light ratio of M=L V = 2M =L (cf. the values tabulated by Pryor and Meylan 1993) for all of the clusters. The escape velocities are larger than the velocities at which most evolved stars are observed to lose mass (Loup et al. 1993) , so that ejected mass should be retained by the cluster.
OBSERVATIONS AND DATA REDUCTION
The observations were made with 27 antennas of the NRAO 1 Very Large Ar- The data were calibrated and analyzed with the NRAO AIPS reduction software. Maps centered on each cluster were made and cleaned over a 512 512 00 area which encompasses the full-width half-maximum (FWHM) primary beam (5:4 0 ).
The observational parameters are listed in Table 2 . Column 1 gives the cluster name and columns 2 and 3 the coordinates of the eld center (these are slightly di erent in some cases from the accurate positions given in Table 1 ). The next four columns give the beam shape parameters and r.m.s. noise, in mJy/beam, for two values of the synthesized beam. While the primary purpose of this investigation is to search for extended di use emission from ionized gas, it has recently been discovered that globular clusters contain several kinds of star which are weak point sources of radio emission (Kulkarni, Narayan and Romani 1990; Hut et al. 1992 ; and references therein). Accordingly, the data were searched for both point source and extended emission by making two sets of maps. The set of full resolution maps was made with natural weighting in the u-v plane to obtain the optimal signal-tonoise ratio for unresolved sources. Column 4 in Table 2 gives the major and minor axes and position angle of the synthesized beam, measured at the half-power points. Column 5 gives the r.m.s. noise of the observation in mJy/beam measured near the center of the map. The r.m.s. noise values agree within about 25% with the theoretical noise estimates, with much of the discrepancy attributable to shadowing of adjacent antennas at low elevations. The maps are shown in Figure 1 .
To obtain higher sensitivity to extended emission, a second set of smoothed maps was made by applying a Gaussian taper to the u -v data, which weights the shorter baseline data more heavily than the longer baseline data. This results in higher values of the r.m.s. noise per beam because data are rejected. The results for maps tapered to 5 k are listed in columns 6 and 7 of Table 2 . Column 6 gives the half-power beamwidth and position angle, and column 7 the r.m.s. noise, for the tapered maps. The maximum detectable angular size for the VLA's`C' con guration at 8.4 GHz is 2 0 .
POINT SOURCES IN GLOBULAR CLUSTERS
Several types of star in globular clusters are radio sources. These are : (1) low mass X-ray binaries (LMXBs), analogues of the x-ray detected cataclysmic variables found in the Galactic plane: (2) pulsars and (3) planetary nebulae. Pulsars are distinguished by their very steep radio spectra: typically, ?2 (S ). LMXBs also have non { thermal spectra, and searches for these objects and for pulsars in globular clusters are usually made at frequencies of 1.4 GHz and lower; the LMXB spectra are however shallower than are pulsar spectra, with ?0:7.
The spectra for planetary nebulae are expected to be at near 8.4 GHz. All of these objects are point sources of radio emission at the resolution of the present observations. The r.m.s. noise levels in column 5 of Table 2 show that sources of strength 0.1 mJy can be detected at the 5 level near the map centers. The maps for the six globular clusters were corrected for primary beam attenuation and examined for point sources within 4 0 of their centers; this relatively large area was searched to determine whether the expected background level is reached. Sources were found in the elds of ve of the six clusters; all are point sources at the 7 00 resolution of the observations. The parameters are listed in Table 3 , which gives the ux density, its 1 error, the 1950 position, the o set in arcseconds from the cluster center in Table 1 , and this o set as a fraction of the cluster half-light radius. The last two columns give the identi cation and references. The sources listed in Table 3 are indicated on the cluster maps in Figure 1 .
Two of the clusters, NGC 6624 and NGC 7078, have weak sources at their centers, within the position uncertainties. Four of the fteen sources in Table 3 lie within the cluster half-light radii and the others lie outside. This suggests that at least half of the sources are likely to be background, if the cluster sources are distributed like the stars. Figure 2 shows the number of sources per square degree, averaged over the six globular cluster elds, as a function of distance from the cluster center. The points in Figure 2 were derived by counting the sources in radial bins whose widths were adjusted to contain at least one source per bin. The radial distance for each bin is the mean value for the sources within that bin. The error bars are calculated assuming counting statistics. Windhorst et al. (1993) 
where S is the ux density. This background level is shown in Figure 2 . The sensitivity of the VLA observations declines with increasing distance from the eld center because of the response function of the array primary beam: the background counts in Figure 2 were calculated using equation (2) for a detection threshold of 0.1 Jy at the eld center and a gaussian primary beam of full width at half power of 5:4 0 . Figure 2 shows a signi cant excess of sources within 30 00 of the cluster centers.
Pal 2
Two 8.4 GHz sources were found in the eld of Pal 2, neither within the half light radius. Source 1 is positionally very close to the X-ray source Pal 2A found with ROSAT by Rappaport et al. (1994) (the 1950 position is = 04 h 42 m 51:7 s ; = +31 o 17 m 17 s ). The nature of this source is not known, but it is a candidate for an LMXB detected at radio wavelengths, and is possibly the third such object found; the others are in NGC 6712 and in NGC 7078 (cf. Johnston and Kulkarni 1992) . Rappaport et al. also nd two other sources in the eld of Pal 2, but neither was detected in the present observations.
NGC 1851
No radio sources were detected in the eld of NGC 1851, which contains the bright X-ray source 4U0513-40 within 12 00 of the cluster center (Grindlay et al. 1984 : Callanan et al. 1995 . Previous observations by Machin et al. (1990) and Fruchter and Goss (1990) also fail to nd radio emission from this cluster at wavelengths of 6 and 20 cm respectively.
NGC 6440
We detect four sources in this eld, none of them at or near the cluster center. Fruchter and Goss (1990) report radio observations at 1.5 GHz and 4.9 GHz. Emission is detected at each frequency, but the positions are di erent enough that there is some doubt that it arises from the same source. The position of their 4.9
GHz source is within 1 00 of that of source 1 (Figure 1, Table 3 ). If the source is not variable, the spectral index given by the 8.4 and 4.9 GHz observations is = -0.7, typical of the spectrum of an LMXB. This spectral index predicts a ux density at 1.5 GHz of 0.9 mJy, marginally consistent with the Fruchter and Goss (1990) upper limit.
Fruchter and Goss also detect a 1.5 GHz source at = 17 h 45 m 54:2 s , = ?20 o 20 0 45 00 , 16 00 from the position of source 1. We do not detect this source at 8.4 GHz. Assuming that it is not variable, the spectral index is steeper than = ?1:8. This supports Fruchter and Goss' conclusion that the 1.5 GHz source is distinct from the 4.9 GHz source and may be a pulsar. The positions of both the 4.9/8.4 GHz and the 1.5 GHz sources fall within the position uncertainties of the X-ray source MX1746-20 (Hertz and Grindlay 1983) . We suggest that this X-ray source is responsible for the emission at 4.9/8.4 GHz. However, none of these sources is close enough to the position of the weak X-ray source 10 00 from the cluster center measured by Johnston et al. (1995) to be identi ed with it.
NGC 6624
This cluster contains the X-ray binary 4U1820-30 (Giacconi et al. 1974; Stella et al. 1987 ) very close to the cluster center (Sosin and King 1995);  = +1:5 00 1:3 00 ; = ?0:1 00 1:3 00 (Hertz and Grindlay 1983) . The cluster also contains two pulsars (Biggs et al. 1992 ).
An accurate position for PSR1820-30A measured at 1.4 GHz in its`A' conguration is given by Johnston and Kulkarni (1992) (cf. the discussion by Biggs et al. 1992 and Kulkarni 1993) . These observations detect no other 1.4 GHz sources in the inner regions of NGC 6624.
Low resolution`D' array observations by Fruchter and Goss (1990) nd emission at 1.4 GHz (cf. also Grindlay and Seaquist 1986) and 5 GHz. The synthesized beam of these observations is large enough to enclose the positions of both PSR1820-30A (the probable source of the 1.4 GHz emission, see above) and 4U1820-30. Neither is detected at the 0.15 mJy level in the deep A/B con guration 5 GHz observations of this cluster by Machin et al. (1990) nor at the 0.1 mJy level in thè A' con guration observations at 8.4 GHz by Johnston and Kulkarni (1993) . The 8.4 GHz`C' array observations in the present paper tentatively detect a weak (0.11 mJy) source at the 4 level at a position = +0:9 00 2:0 00 ; = ?0:3 00 0:8 00 with respect to the cluster center (Table 4, Figure 1 ) which, if real, is likely to be the LMXB 4U1820-30. The radio observations of NGC 6624 thus suggest that the pulsar is detected at 1.4 GHz and the LMXB (tentatively) at 4.9 and 8.4 GHz, and that the radio emission from the LMXB is variable.
Two more sources (2 and 3 in Table 4 ) were also detected in the eld of NGC 6624. They are both 3:5 0 from the cluster center and likely to be background. Both were detected at 4.9 GHz by Machin et al. (1990) and have approximately at spectra between 4.9 and 8.4 GHz.
NGC 7078 (M15)
Five 8.4 GHz sources were detected within 4 0 of the cluster center ( Figure 1 , Table 3 ). Sources 1 and 2 are identi ed with AC 211 and K648, which are known to belong to the cluster.
AC 211 (source 1) is the blue variable counterpart to the X-ray source 4U2127+11 (Ilovaisky et al. 1993) , and has been detected at 1.5 GHz (Johnston et al. 1991 ) and 4.9 GHz (Machin et al 1990; Johnston et al. 1991) . The two 4.9 GHz observations give roughly equal ux densities, and the spectral index is -0.57 between 4.9 and 8.4 GHz. K648 (source 2) is one of the two known globular cluster planetary nebulae.
Its ux densities have been measured at frequencies between 1.5 and 10.6 GHz (Gathier et al. 1983; Nelson and Spencer 1988; Machin et al. 1990; Johnston et al. 1991 ; Table 2 ). Recent measurements at adjacent frequencies give values close to the 8.4 GHz ux density of 3.95 mJy (Machin et al. 1990; Johnston et al. 1991) . The spectral index between 1.5 and 8.4 GHz is -0.15, consistent with optically thin bremmstrahlung emission.
Source 3 has not previously been detected at any radio frequency. The 5 upper limit at 4.9 GHz is 0.15 mJy (Machin et al. 1990) , suggesting that the source may be variable. It lies just outside the cluster half light radius (Table 3 ) and has a probability of 10% of being a background source. It is thus a potential candidate for a LMXB. To our knowledge, there are no X-ray nor high spatial resolution optical images in this region of the cluster. Source 4 is detected at 4.9 GHz by Machin et al. (1990) and at 1.5 and 4.9 GHz by Johnston et al. (1991) . These authors measure 4.9 GHz ux densities of 7.0 and 5.6 mJy respectively and Johnston et al. (1991) note that the spectral index is positive ( = +0.4) between 1.5 GHz and 4.9 GHz. The 8.4 GHz ux density in Table 3 is smaller than either 4.9 GHz measurement, suggesting that the radio source is variable or that the turnover lies between 4.9 and 8.4 GHz. The probability that this source is a background object is < 1%; it probably also belongs to M15.
Source 5 is detected at 4.9 GHz by Machin et al. (1990) . We do not detect emission from the position of the strong 5 GHz source ( = 21 h 27 m 37:2 s , = +11 o 54 0 39 00 ) found by Nelson and Spencer (1988) .
NGC 7099 (M30)
The only radio source detected in the eld of this cluster, source 1 in Table  3 , is 2.5 r h from the center of the cluster and is probably not associated with it. Johnston et al. (1994) report the detection by ROSAT of 12 X-ray sources in this eld, including a source at the cluster center which is not detected at 8.4 GHz. None of the ROSAT sources is at the position of source 1.
The observations summarized above have detected ve sources (one tentatively) at 8.4 GHz which are likely globular cluster members and two more, sources 3 and 4 in the eld of NGC 7078, which are close enough to the cluster center to be candidates for membership. One of the ve cluster members is the planetary nebula K648; the other four are identi ed with LMXBs, making a total of ve LMXBs in globular clusters detected at radio wavelengths -cf. . Radio observations can provide powerful diagnostics for understanding LMXBs, especially because they allow excellent position measurements ).
As the above discussion shows, observations at 8.4 GHz at the sensitivity level reported in this paper detect LMXBs but not pulsars, which are detected at lower frequencies. These observations show that VLA observations of globular clusters at high sensitivity and high angular resolution made at two frequencies, 8.4 GHz and 1.5 GHz, could be very useful for nding and classifying these two types of object.
LIMITS ON IONIZED GAS
The results in Table 2 show that we do not detect di use continuum emission from the observed globular clusters. In this section, we discuss the resulting upper limits on ionized interstellar gas and compare them with the amounts expected to have accumulated from stellar mass loss. The VLA observations directly give limits on the amounts of interstellar gas in the cluster centers; corresponding limits on the total gas content are calculated from simple models of the gas distribution. We also estimate the ultraviolet radiation eld required to keep this amount of gas ionized.
As we show below, radio emission from di use ionized interstellar gas in globular clusters is expected to be extended with respect to the VLA synthesized beam and to be brightest at the cluster center. Four of the observed clusters have no emission from the center in either the full resolution or smoothed maps. Point source emission is detected at the centers of two clusters, NGC 6624 and NGC 7078. However, we can be reasonably sure that this is not due to emission from ionized gas because: (1) both sources are identi ed with LMXBs: (2) the source in NGC 7078 has a non-thermal spectrum at radio wavelengths and (3) the ux density does not increase with increasing beamwidth in either cluster. There is thus no detectable di use extended emission from any of the clusters. The upper limit to the mass of ionized gas can be calculated from the observed free-free ux density S using (3) (Mezger and Henderson 1967) where T e is the electron temperature, D the distance, s the source diameter, and the gas is assumed to be isothermal, of constant density and spherically distributed. The limits on the mass and density of ionized gas in the centers of the clusters, calculated from the 5 limits for the full-resolution maps, and assuming T e = 10 4 K, are listed in Table 4 . The mass limits are very small, but deceptively so; the limits on the density are 50 -100 cm ?3 , much higher than the mean gas density in the local interstellar medium, for example. Since gas in hydrostatic equilibrium at a temperature as high as 10 4 K in the potential of a globular cluster would be distributed over a much larger radius than that enclosed by the VLA synthesized beam, these limits should be extrapolated to the whole cluster.
Models of the distribution of gas in globular clusters, its interaction with the halo gas, the injection of gas into the cluster by stellar mass loss and the loss of gas as a wind have been considered by several authors (Scott and Rose 1975; Faulkner and Freeman 1977; Vandenberg and Faulkner 1977; Vandenberg 1978; Faulkner and Smith 1991) . These models show that globular clusters can retain gas shed by dying stars if the stellar wind velocity is 100 km s ?1 ; this is larger than the wind out ow speeds for most Galactic AGB stars (Loup et al. 1993 ). The models also show that the cluster gas is little a ected by interaction with the halo and that, if it is of high enough temperature, a cluster wind forms with the sonic point inside the cluster tidal radius.
In order to calculate the expected radio frequency ux from a given mass of ionized gas, we make several simplifying assumptions. We consider only hydrogen and assume that it is isothermal with temperature T e . The one-dimensional velocity dispersion g is then 2 g = kT e (4) where = 0:5m H and m H is the hydrogen atom mass. Since the stellar density distribution is isothermal, the gas density distribution will also be like that of an isothermal sphere.
The density distribution n(r) of an isothermal gas in a spherical cluster potential is found from the hydrostatic equation 
where M(r) is the cluster mass within r. We model the mass distribution as a lowered isothermal sphere (King 1966 ) of core radius r o , tidal radius r t , total mass M t and stellar velocity dispersion ? . If the relative potential at radius r is (r) = ? (r) + (r t ) (6) where (r t ) is the cluster potential at the tidal radius, the gas density distribution is n(r) = n 1 exp( (r) 2 g )
where n 1 is the gas density when = 0, i.e. at r t .
We assume that the gas is photoionized by hot post-AGB stars (cf. Scott and Rose 1975) . The electron temperature will be higher than in galactic HII regions because of the hotter ionizing eld (e.g. Rich et al. 1993 ) and, especially, because of the lower metallicity. The energy balance in photoionized gas gives temperatures of about 8000 K for Galactic HII regions, and the temperature can be as high as 20,000 K at low metallicities (Spitzer 1978; Osterbrock 1989) . We assume that T e = 10 4 K for the metal-rich clusters NGC 6440 and NGC 6624, T e = 1:5 10 4 K for Pal 2 and NGC 1851, and T e = 2 10 4 K for NGC 7078 and NGC 7099. The gas velocity dispersion is 13 -18 km s ?1 and, as examination of Table 1 shows, is larger than the stellar velocity dispersion for all of the observed clusters. The resulting density distribution is isothermal (equation 7) in the inner regions but with a larger core radius than that of the stars. As a result, the gas at large radii can escape the cluster as a wind. We approximate this by calculating the radius r W at which ? (r W ) = kT e (8) and constructing a density distribution which is in hydrostatic equilibrium within this radius and drops as r ?2 outside it.
For each cluster, the dimensionless potential W(r) = (r)= 2 ? was calculated as a function of radius by integrating the distribution function given by King (1966) .
The value of the central potential W o was selected for each cluster to reproduce the observed concentration index c i ( Table 1) . The relative potential (r) was then calculated from W(r) and the cluster mass, tidal radius and stellar velocity dispersion. The cluster mass was estimated from the global V luminosity assuming M=M = 2 L V =L V ( ). The density distribution of gas of temperature T e and density n 1 = n(r t ) was calculated using equation (7) and assumed to fall o as r ?2 beyond r W . The surface brightness at 8.4 GHz as a function of projected radius is then given by the volume free-free emissivity (Spitzer 1978) integrated along the line of sight; the emission is assumed to be optically thin everywhere.
As an example, the gas density distribution in M15 for three values of T e is shown in Figure 3 . Figure 4 shows the 8.4 GHz surface brightness distribution for T e = 2 10 4 K and central density n o = 50 cm ?3 . This distribution is strongly centrally peaked, and the predicted ux density observed in the smoothed maps is at the 5 limit of the observations (Table 2) . Table 5 summarizes the results for the six clusters. Column 2 gives the assumed electron temperature, column 3 the radius r W beyond which the gas escapes the cluster, and column 4 the limit on the total amount of ionized gas within r W , calculated from the 5 limit on the observed ux density within the smoothed synthesized beam ( Table 2 ). The central potential of Pal 2 is not high enough to retain gas at T e = 1:5 10 4 K and there is no static distribution. The wind radius for NGC 7099 is small, within the core radius. Column 5 gives the UV ux in photons per second required to keep the mass of gas listed in column 4 ionized. These photon uxes correspond to one or two post-AGB stars and are easily produced by the globular cluster stellar population.
Since the light from old stellar populations is dominated by the red giant stars which are currently evolving and losing mass, the current global mass injection rate for a globular cluster can be estimated in a straightforward way from its global luminosity (Tayler and Wood 1975; Scott and Rose 1975) . The estimated rates are given in column 6 of Table 5 , and column 7 gives the expected gas content accumulated over 10 8 years, a rough estimate of the time between passage through the Galactic plane. These values are, generally, much larger than the observational limits in column 4.
However, even though the velocity of the gas within r W is smaller than the cluster escape velocity, the gas within this radius will leave the cluster because of mass loss beyond r W (Scott and Rose 1975) . The timescale for the gas to be resident within r W can be estimated from W M(r W ) 4 r 2 W (r W ) g (9) where (r W ) is the static gas density at r W and M(r W ) is the mass within r W , and is not less than the sound crossing time. Column 8 of Table 5 contains the value of W for each cluster and column 9 the total mass of gas expected to accumulate in the cluster in this time. For all observed clusters, this is considerably less than the observational limits in column 4 and is undetectable at current observational sensitivities.
These simple models suggest that gas shed by evolving stars in globular clusters is photoionized to a temperature which is greater that the dynamical temperature of the cluster stars and hence can leave the cluster. This conclusion is somewhat at variance with the results of some previous papers (e.g. Vandenberg 1978) because the model clusters used by these authors are more tightly bound than real globular clusters have proved to be (cf. Pryor and Meylan 1993) . Only three of the clusters listed by Pryor and Meylan (1993) (the southern clusters ! Cen, NGC 6388 and NGC 6441) have high enough velocity dispersions, and hence mass densities, that they might be able to retain photoionized gas.
CONCLUSIONS
Six globular clusters were observed with the VLA at 8.4 GHz in a search for free-free emission from ionized interstellar gas to a sensitivity of 0.1 mJy/beam. None of the clusters was detected.
1. The observations set limits of typically < 0:1 M of ionized gas in the cluster center.
2. Hydrostatic models of photoionized gas in the potential of a globular cluster show that the gas distribution is extended with respect to that of the stars because the gas velocity dispersion is higher than the stellar velocity dispersion for all six observed clusters.
3. Comparison of the results of these calculations with the observed radio frequency upper limits show that the masses of ionized gas integrated over the whole cluster are typically 20 M . In all cases the limits on the ionized gas are much smaller than the amount expected to have accumulated from stellar mass loss if all of that gas remains in the cluster between galactic plane passages.
4. Since photoionized gas has a velocity dispersion greater than that of the stars, the gas beyond the sonic radius r W , which is within the tidal radius, has escape velocity and leaves the cluster.
5. The out ow of gas from the sonic radius means that the residence time of gas within this radius is short compared to the time between passages through the galactic plane. and the amounts of gas which can accumulate from stellar mass loss in this time are well below the observational upper limits.
6. Although no di use radio emission was detected from any cluster, there are 15 faint ( 0:1 mJy) radio sources in the observed elds within 4 0 of the cluster centers. At projected radial distances beyond 1 0 the source counts reach the expected background value, while there is an excess of sources within 1 0 of the cluster centers.
8. Two of the clusters, NGC 1851 and NGC 7099, contain no detectable radio sources. The sources in the inner regions of the other clusters are in all cases except two identi ed with X-ray or optical objects. Radio emission was found from four X-ray sources which are probably LMXBs; these are Pal 2A in Pal 2, MX1746-20 in NGC 6440, 4U1820-30 in NGC 6624 and AC 211 in NGC 7078. This brings to 5 the number of globular cluster X-ray sources detected at radio wavelengths. Sources 78 00 and 97 00 from the center of NGC 7078 are also candidates for cluster membership. The sixth detected globular cluster source is the planetary nebula K648 in NGC 7078. None of the other X-ray sources in these globular clusters was detected. Table 2 ; the levels are drawn at -3, 3, 5, 7, 10, 20, 50 and 100. The size of the synthesized beam for each map is given in Table 2 . Sources 2 and 3 in NGC 6624 and Source 5 in NGC 7078 (cf. (Table 2) ; the model ux density within this beam is equal to the observed 5 upper limit. 
Pal 2 Note: T e = 10 4 K assumed ? ? 
